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LASER MACHINING METHOD AND LASER
MACHINING APPARATUS

BACKGROUND OF THE

INVENTION

The present invention relates to a laser machining method
and a laser machining apparatus by which a laser beam 1s
positioned by two mirrors whose axes of rotation are arranged
in a transverse manner and made to enter a converging lens,
and a work 1s machined with converged (focused) laser beam.

FIG. 6 shows the optical system of the head unit in a
conventional laser machining device.

A first laser beam 20, which 1s a P-polarized beam, output
from a laser oscillator (not shown) 1s reflected from a fixed
mirror 4 through a polarized beam mixer 30, and then from a
mirror 1a (X mirror) and a mirror 16 (Y mirror) through an {0
lens 3 onto a printed circuit board 100. A second laser beam
10, which 1s an S-polarized beam, output from another laser
oscillator (not shown) after being retlected by a fixed mirror 3
and further reflected by mirrors 2a and 25, 1s reflected by the
polarized beam mixer 30 and then reflected from the mirrors
1a and 15 through the 10 lens 3 onto the printed circuit board
100. The machining range of the first laser beam 20 1s an area
101 and that of the second laser beam 10 1s an area 102. The
mirrors 1la and 154, the fixed mirrors 4 and 5, the mirrors 2a
and 2b, the polarized beam mixer 30 and the 10 lens 3 are
arranged 1 a head unit Z indicated by surrounding in the
drawing by one-dot chain lines (Patent Document 1).

Next, the mirrors 1a and 15 will be described 1n more
detail.

FIGS. 7A to 7C show the relationship between the mirrors
1a and 156 and the 10 lens 3 wherein 7A 1s a top view of the
optical system of the machining unit; 7B 1s a right side view
of 7A; and 7C 1s aunfolded optical diagram 1n the proceeding
direction of the laser beam (the direction indicated by a one-
dot chain line).

If the reflective faces of the mirrors 1a and 154 are flat, the
laser beam 20 whose section 1s round, for instance, converges
to a focal position Fa (Fa 1s the designed focal position) of the
10 lens 3 whose focal length 1s . Here, in FIGS. 7TA to 7C, 1aa
denotes the rotation axis of an actuator which rotates the
mirror 1a and 1bb donates the rotation axis of an actuator
which rotates the mirror 15.

Incidentally, though the diameter (spot diameter) of the
laser beam 20 before and after the converging position Fa (the
7. direction here) 1s greater than the spot diameter in the
converging position Fa, the circularity of the beam 1s secured.
For instance, where the beam diameter suitable for machining
a hole of the 50 um 1 diameter 1s 30 mm, circularity of 95%
or more 1s achieved 1n a range of about £50 um with reference
to the focal position Fa.

In this laser machining device, since a positioning range
102 determined by the second set of mirrors (the mirrors 2a
and 2b) can be substantially overlapped with a positioning
range 101 determined by the first set of mirrors (the mirrors
1a and 15), the efficiency of machining can be enhanced by
positioning the first laser beam 20 and the second laser beam

10 (see Patent Document 1).
Patent Document 1: JP-A-249364/2004

SUMMARY OF THE INVENTION

The frequency at which the laser oscillator generates a laser
beam 1s suiliciently higher than the positioning frequencies of
the mirrors 1a, 15, 2a and 256 (hereinafter collectively referred
to as “mirrors A” unless there 1s particular need for discrimi-
nation). Therefore, 1f the mirrors A can be positioned at high

10

15

20

25

30

35

40

45

50

55

60

65

2

speed, the efficiency of machining can be enhanced. In order
to position the mirrors A at high speed, 1t 1s effective to reduce

the mass of the mirrors A.

Since 1t 1s effective, in order to machine small bore holes, to
increase the outer diameter of the laser beam as 1s well known,
it 1s not acceptable to reduce the size of the mirrors A. There-
fore, 1n order to reduce the mass of the mirrors A, the material
thickness of the mirrors A should be thinned.

However, reducing the thickness of the mirrors A might
produce bending, distortion or deformation in some other
way ol the reflective faces by distortion during machining and
polishing (surface finishing). Also, even 11 the reflective face
of each individual one of the mirror A 1s flat, 1t the mirrors A
are caused to be supported by actuators by adhesive or oth-
cerwise, the reflective faces may be deformed sometimes.
Deformed reflective faces would cause not only, for instance,
the deviation of focal positions 1n the X-direction and the
Y-direction toward the direction of the optical axis and
thereby deterioration 1n the circularity of the hole, but also
uneven energy deterioration through the deterioration of the
beam mode, resulting 1n poor hole quality.

Reducing the mass of the mirrors A 1n pursuit of the elli-
ciency ol machining causes a poor geometry of hole that 1s
machined. Increasing the plate thickness of the mirrors A for
greater form accuracy of the hole results 1n an increased mass
of the mirrors A, generating a fall in the efficiency of machin-
ng.

An object of the present invention 1s to solve the problems
noted above, and to provide a laser machining method and a
laser machining apparatus which permit efficient machining
of holes excelling 1n form accuracy.

In order to solve the problems noted above, the invention 1n
its first aspect provides a laser machining method by which a
laser beam 1s positioned by an X mirror whose axis of rotation
1s 1n an X-direction and a Y mirror whose axis of rotation 1s 1n
a Y-direction and made to enter a converging lens, and a work
1s machined with converged (focused) laser beam, wherein an
optical device for correcting curvature of reflective face of the
X mirror or the Y mirror 1s provided; the optical device 1s
arranged on an optical axis of the laser beam; and converging
positions of the laser beam in the X-direction and in the
Y-direction are coincident with a point on the optical axis.

The mvention 1n 1ts second aspect provides a laser machin-
ing apparatus provided with an X mirror whose axis of rota-
tion 1s 1n an X-direction, a' Y mirror whose axis of rotation 1s
in a Y-direction and a converging lens, a laser beam being
positioned by the X mirror and the Y mirror and made to enter
the converging lens, and a work being machined with con-
verged (focused) laser beam, wherein an optical device for
correcting curvature of retlective face of the X mirror or the’ Y
mirror 1s provided, and the optical device 1s arranged on an
optical axis of the laser beam; and converging positions of the
laser beam 1n the X-direction and 1n the Y-direction are coin-
cident with a point on the optical axis.

According to the invention, since any distortion occurring
on the mirrors A can be optically eliminated, holes excelling
in form accuracy can be machined efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C show unfolded diagrams of the optical

system ol a machining unmit according to the mvention;

FI1G. 2 illustrates how the mirrors A are deformed;

FIG. 3 shows a unifolded diagram of the optical system of
another machining unmit according to the mvention;

FIG. 4 1s a schematic diagram showing a relationship
between the reflective faces of the mirrors A 1n FIG. 3;
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FIGS. 5A to 5D are tables of measured deformations of the
reflective faces:

FIG. 6 shows the optical system of the head unit in a
conventional laser machining device; and

FIGS. 7A to 7C illustrate an example of pertinent related
art.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred embodiments of the present invention will be
described below with reference to accompanying drawings.

Embodiment 1

First, a case 1n which the reflective faces of the mirrors A
are warped substantially concavely or convexly about the
rotation axis, which deformation occurs most frequently on
the mirrors A, will be described. It 1s supposed here that the
mirrors A include only one mirror 1a and one mirror 15.

FIGS. 1A to 1C show unfolded diagrams of the optical
system ol a machining unit according to the invention,
wherein 1A shows an X-directional component (heremafter
referred to as an X-component) of the laser beam; 1B shows
a Y-directional component (hereinafter referred to as a
Y-component) of the laser beam; and 1C shows the X-com-
ponent of the laser beam according to the related art. FIG. 2
illustrates how the mirrors A are deformed.

A width w of the mirrors A here 1s defined as a width of
projections onto a perpendicular plane to the laser beam,
which 1s slightly larger than a maximum diameter d of the
laser beam. Thus, where the maximum diameter d of the laser
beam 1s 30 mm for instance, it 1s sufficient for the width w of
the mirrors A to be at least 31 mm. In the embodiment
described below, d=30 and w=31 are supposed.

Where a reflective face of a mirror A 1s warped to form a
concave cylindrical surface as shown in FIG. 2, a radius
(curvature) R of this concave can be represented by Equation
2 wherein k 1s the extent of deformation (after a correction of
projection).

R*=(R-k)*+(w/2)*

(Equation 1)

Here, k is small enough to permit the term of k* to be
ignored. Hence,

R=w?/8k (Equation 2)

Where k=0.5 um for mstance, R 1s approximately 240 m
according to Equation 2.

In the example of FIGS. 1A to 1C, a reflective face of a
mirror 1a 1s aconcave having a curvature of R, and a reflective
face of a mirror 15 1s flat. In this case, a concave cylindrical
lens 50 1s arranged on an optical path of the laser beam 20. As
shown 1n FIG. 1B, 1rrespective of the presence or absence of
the cylindrical lens 50, the Y-component of the laser beam 20
1s converged to a designed focal position Fa. On the other
hand, the X-component of the laser beam 20 1s modified into
a divergent beam by the cylindrical lens 50 as indicated by
solid lines 1n FIG. 1A and reflected into a parallel beam by the
mirror 1a, and converged to the designed focal position Fa as
1s the Y-component.

Here, 11 no cylindrical lens 50 1s provided, as the X-com-
ponent ol the laser beam 20 1s converged to a focal position Fx
closer than the focal position Fa to a 10 lens 3 as indicated by
solid lines 1 FIG. 1C. Theretfore, not only circularity of the
hole 1s 1mpaired but also energy distribution becomes less
uniform, causing deterioration in hole quality.

A focal distance of the cylindrical lens 50 being repre-
sented by Is here, what can correct the X-component of the
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4

laser beam 20 1s a cylindrical lens of 1s=R/2. Therefore, by
measuring in advance the deformation of the retlective face of

the mirror 1aq and figuring out the curvature R of the retlective

face, the focal position Is of the cylindrical lens 50 can be
determined.

Incidentally, where the reflective faces of the mirrors A are
convex (the curvature 1s —R), obviously the convex cylindri-
cal lens 50 of 1s=—R/2 1s the right choice.

Next, a case 1n which the reflective faces of the mirror 1a
and the mirror 15 are curved will be described.

In this case, the following two alternatives are available.

(1) First method: A cylindrical lens 50qa for canceling the
deformation of the mirror 1q and a cylindrical lens 506 for
canceling the deformation of the mirror 15 are provided. As

the deformations of both mirrors 1a and 15 are corrected 1n
this case, the laser beam 10 can be converged to the focal
position Fa.

(2) Second method: Only the cylindrical lens 50a for can-
celing the deformation of the mirror 1a 1s provided. Namely,
the cylindrical lens 506 for canceling the deformation of the
mirror 15 1s not provided. Since the deformation of the mirror
15 1s not corrected 1n this case, the Y-component of the laser
beam 20 1s converged to a position Fy deviating from the
focus 1. Therefore, the focal distance s of the cylindrical lens
50a 1s so selected as to enable the X-component of the laser
beam 20 to be converged to the position Fy. Where the cur-
vature of the mirror 15 1s N and that of the mirror 1a 1s M for
instance, the focal distance Is of the cylindrical lens 50 will be
determined as follows:

F=(M=N)/2

In this case, where the beam diameter 1s 30 mm, which i1s a
suitable diameter for machinming a hole of 50 um 1n diameter,
the possible defocused range 1n which the circularity can be
95% or more 1s narrowed to about £40 um with reference to
the position Fy (50 um for the focal position Fa), but this
scarcely causes a practical problem.

Incidentally, where the mirrors A include only the mirror
1a and the mirror 15, the cylindrical lenses 50a and 505 may
be arranged 1n any positions between the machining point and
the laser oscillator, but arranging them between the laser
oscillator and the 10 lens 3 would prove useful 1n practice.

Next, a case in which there are four mirrors A of the mirrors
1a and 15 and the mirrors 2a and 25 will be described.

Embodiment 2

FIG. 3 shows a unifolded diagram of the optical system of
another machining unit, focusing on the relationship between
the mirrors 1a, 15, 2a and 256 and the 10 lens 3.

In the 1llustrated case, while the first laser beam comes
incident on the 10 lens 3 via the mirrors 1a and 15, the second
laser beam, after being reflected by the mirrors 2a and 25,
turther comes incident on the 10 lens 3 via the mirrors 1a and
15.

In this case, regarding the first laser beam 20, deformations
of the mirrors 1a and 15 can be corrected by the method with
respect to Embodiment 1 above. Arrangement of the cylin-
drical lenses 50a and 505 between the polarized beam mixer
30 and the laser oscillator as shown in FIG. 3 1s useful 1n

practice because the second laser beam 10 can be kept unat-
fected.

On the other hand, a cylindrical lens of a focal distance that
can cancel the deformations of the mirror 1a and the mirror 2a
can be selected as a cylindrical lens 60q to correct the X-com-
ponent of the second laser beam 10, and a cylindrical lens of
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a focal distance that can cancel the deformations of the mirror
15 and the mirror 256 can be selected as a cylindrical lens 605
to correct the Y-component.

To add, where both of the mirrors 1a and 15 are deformed,
it 1s also possible to arrange the cylindrical lens 50a which
corrects the deformation of only the mirror 1a and to align the
X-component with the focal position Fy of the Y-component
by using this cylindrical lens 50a. In this case, a cylindrical
lens whose focal distance can cancel the deformation of the
mirror 256 can be used as the cylindrical lens 605 which
corrects the Y-component of the second laser beam 10. Also,
a cylindrical lens which represents consideration for the
deformation of the mirror 2a and that of the mirror 1a and
converges the X-component of the second laser beam 10 to
the focal position Fy can be used as the cylindrical lens 60a
which corrects the X-component of the second laser beam 10.

Incidentally, 11 a cylindrical lens to cancel the deformation
of the reflective face 1s provided for each individual mirror A,
the laser beam 10 and the laser beam 20 can be converged to
the focal position Fa, but this entails a complex structure. An
arrangement of cylindrical lenses for use where the individual
deformations of the mirrors A are not so substantial will be
described below.

Embodiment 3

FIG. 4 1s a schematic diagram showing a relationship
between the retlective faces of the mirrors A 1 FIG. 3.

As shown in FIG. 4, 11 X and Y are determined with refer-
ence to the position of the laser beam 20 coming incident on
the mirror 1a, the beam coming incident at A through D on the
mirror 1a comes incident on the mirror 15 at A through D.
Thus, A through D of the mirror 15 are in positions corre-
sponding to 90° rotations of A through D, respectively, of the
mirror 1a. The second laser beam passes A through D of the
mirrors 2a and 2b as indicated in the diagram. Here, A
through D are positions 15 mm away from the centers of the
respective retlective faces for the X- and Y-components.

FIGS. SA through 5D are tables of measured deformations
of the reflective faces, which are deformations in um of the
positions of A through D in each mirror measured from a
virtual perfect plane for the mirror passing through the center.

The procedure of determining the focal distance of a cylin-
drical lens will be described below with reference to the case
of FIG. 5A.

In the case of FIG. SA, first a deformation extent k 1s
calculated from Equation 3, and the obtained k 1s substituted
into Equation 2 to calculate the curvature Rt in this case.
Then, the focal distance 1s 1s determined to be equal to Rt/2.

F=Avg(XA4,2C)-Avg(XB,2D) (Equation 3)
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where Avg 1s the average, 2A~2D are the sums for the
positions, respectively.

Equation 3 1s a formula to calculate the difference between
the sum of deformation extents for the X-component and the
sum ol deformation extents for the Y-component. Then, by
arranging a cylindrical lens of the determined focal distance
between the polarized beam mixer 30 and the mirror 25, the
variations 1n converging positions of the laser beams 10 and
20 1n the X- and Y-components can be kept to around 10 um.

When the deformations of the mirrors A were measured 1n
advance and a machining test was done, 1t was found that no
particular correction of deformations was needed when the
deformation extents calculated from Equation 3 were not
more than 0.1 um.

In the cases of FIGS. 3B through 5D, too, 1t was confirmed
that satisfactory results could be achieved with only one
cylindrical lens.

Although the deformations of reflective faces were esti-
mated by using four points 15 mm away from the centers of
the mirrors A for the X- and Y-components in this embodi-
ment, 1t 1s also possible to split the reflective faces into mul-
tiple segments 1n a grid shape and estimate the total deforma-
tion from the deformation of each segment.

What 1s claimed 1s:

1. A laser machining apparatus comprising;:

an X mirror whose axis of rotation 1s 1n an X-direction,

aY mirror whose axis of rotation 1s 1n a Y-direction,

a converging lens, wherein a laser being 1s positioned by
the X mirror and the Y mirror and made to enter the
converging lens, and

an optical device arranged on an optical axis of the laser
beam for correcting a curvature of a reflective surface of
the X mirror or the Y mirror

and for making converged positions of the laser beam in the
X-direction and 1n the Y-direction coincident with a
point on the optical axis,

wherein a focal distance of the optical device 1s determined
based on a difference between a sum of deformation
extents 1n the X-direction and a sum of deformation
extents 1n the Y-direction, and the deformation extents
are relative to respective centers of the X mirror and the
Y mirror.

2. The laser machining apparatus according to claim 1,
wherein the optical device comprises a cylindrical lens or a
cylindrical mirror.

3. The laser machining apparatus according to claim 1,
wherein the difference between the sum of the deformation
extents 1n the X-direction and the sum of the deformation
extents 1n the Y-direction 1s 0.1 um or more.

.
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